Introduction
Footrot is a highly contagious disease of the feet of ruminants, specifically sheep and goats, but symptoms have also been reported in cattle, horses, pigs, deer and mouflon (9, 43, 108) . Although several bacteria and yeast species have been isolated from claws and hoofs, the Gram-negative bacteria Dichelobacter nodosus and Fusobacterium necrophorum are always associated with necrotic lesions (63, 88) . Associated signs of infection are lameness and severe weight loss (25, 96) . If the disease is left untreated, the infection may spread to joints, bones and tendons.
By the severity of the disease footrot is described as severe (progressive), benign or intermediate (95) . Progressive footrot begins with a mild inflammation of the skin, followed by eruption of the skin-horn junction and separation of the soft horn from the underlying epithelium (98) . In horses, infection may also start at the white line around the ground surface of the hoof. In some cases, especially with overgrown hoof walls, this section of the hoof is more porous than the sole, frog, or wall tissue and serves as direct contact to the laminar and solar corium. In severe infections, separation of tissue at the axial margin of the sole or around the back of the heel develops within a few days. If left untreated, the horn may be separated across the entire sole to the toe and abaxial wall within five to ten days. Eventually the distal lamellar portion of the abaxial wall becomes infected, leaving the stratum corneum attached along the proximal section. At this stage the non-horny part of the infected sole is covered by soft, necrotic epithelial tissue and the shape of the hoof changes drastically. In the case of benign (mild) footrot, infection usually does not extend beyond the interdigital skin. Sheep with footrot may display separation of the soft horn at the heel and posterior sole, but with much less necrosis of the underlying soft tissue. Beveridge (6) was the first to describe footrot in sheep and isolated Spirohaeta penortha from infected tissue. However, footrot could not be initiated by infecting sheep with a pure culture of S. penortha (7) . Several years later Beveridge (8) isolated Fusoformis nodosus from infected sheep and was the first who described that a pure culture could cause footrot. This was later confirmed by Thomas (105) . The species was reclassified as Bacteroides nodosus (74) , and later as Dichelobacter nodosus based on 16S rRNA sequencing (22, 62) .
Pathogens
In a later study, Egerton et al. (25) isolated coccobacilli and diphtheroids from infected tissue, but only from surface areas. The authors isolated strains of D. nodosus and F. necrophorum from the epidermis of freshly infected tissue, but could not isolate F. necrophorum from the same area a few days later. Strains of F. necrophorum were, however, isolated from decayed tissue (25) . Based on these results, the authors concluded that D. nodosus on its own is not the causative agent. The presence of a complex synergism between D. nodosus and F. necrophorum was first proposed by Roberts and Egerton (84) . This was confirmed by Egerton and Roberts (28) . The authors injected one group of sheep with a F. necrophorum vaccine; a second group, with a D. nodosus vaccine; and a third group, with both vaccines, before infecting the hoofs with F. necrophorum and D. nodosus. thirty days after infection all sheep injected with the F. necrophorum vaccine, and sheep that were not vaccinated, died. The group injected with the D. nodosus vaccine, or a combination of both vaccines, recovered from footrot. The antibody titre against D. nodosus was much higher than that against F. necrophorum and 100 times higher than that recorded for the control group, i.e. not vaccinated (28) . the phenotypic characteristics of F. necrophorum and D. nodosus are summarized in Table 1 . Strains from both species are Gram-negative asporogenous rods with rounded ends, catalase-negative, non-capsular, and grow under anaerobic conditions. h 2 S and extracellular proteases are produced. Nitrate is not reduced, urease is not produced, and starch and esculine are not hydrolyzed.
Dichelobacter nodosus
Dichelobacter nodosus groups with the genera Cardiobacterium and Suttonela in the family Cardiobacteriaceae (22) . cells are Gram-negative, straight or slightly curved rods, 3 μm to 6 μm × 1.0 μm to 1.7 μm in size, with knob-like ends, nonspore-forming, and grow only under obligate anaerobic conditions. Capsules are not formed (18) . Growth on nutrient medium is usually very poor. The genome of D. nodosus is 1.4 Mbp in size and contains 1299 putative genes, based on the genome sequence of the virulent strain VCS1703A (75) . An unusually high number of regions with atypical trinucleotide compositions were identified, suggesting that the species acquired additional characteristics through lateral gene transfer. Many of the regions are strain-specific. The virulent species is characterized by the presence of fimbriae and pili (38, 58) , twitching motility of the cells (21) , and the secretion of extracellular proteases (82) . Type IV fimbriae (10 μm × 5-6 nm) facilitate adhesion to epithelial cells (72) and stimulate agglutination and bio-film formation (77) . The fimbriae are composed of small, 145 to 160 аmino аcid (14 kDa to 20 kDa) polypeptide subunits named PilA, or pilin (2). The highly conserved amino-terminal part of the subunit is hydrophobic, whilst the variable central and carboxy-terminal region is hydrophilic (69, 70) . The polypeptides isolated from fimbriae range from 77 kDa to 88 kDa in size (2, 68) .
Twenty-one putative genes encoding the formation of fimbriae and 10 genes involved in regulation have been identified from the genome sequence (75) . The genes are grouped in several gene clusters. The major fimbrial subunit protein (FimA), encoded by fimA, is strain-specific and is used to divide the species into different serological groups (15) . Variations of fimA amongst different serogroups have been confirmed by PCR-SSCP analyses (114) . Transcription of fimA increases when cells are grown on solid media (56) . This explains the observations of Mattick et al. (68) , e.g. an increase in the number of fimbriae when cells are cultured on a solid surface.
Egerton (26) classified D. nodosus into three serological groups (A, B and C) based on variation in pili structures. Claxton et al. (15) classified D. nodosus into eight serological groups (A to H). A ninth group was described three years later (13) . Based on the nucleotide sequences of genes encoding the fimbrial subunits, two main serological groups have been described, i.e. class I containing serogroups A, B, C, E, F, G and I, and class II containing serogroups D and H (30, 31, 32, 33, 40) . The amino acid sequences of pilin from pili of different serogroups revealed variable levels of similarity. The highest similarity was reported between pilins of serogroups C and G (78 %), and E and F (81 %). Strains from the two classes shared 33 % to 38 % homology (29) .
Two classes of serogroups of D. nodosus have been described, based on the position of fimA on the genome. In class i strains, fimA is located adjacently to fimB, between aroA encoding 5-enolpyruvylshikimate-3-phosphate synthase and clpB encoding the regulatory subunit of ATP-depended protease (52) . The fimB gene encodes a 29.5 kDa membrane protein, which is assumed to be involved in the transport of fimbrial subunits to the cell surface. In class II strains, fimB is absent and fimA is grouped with fimC, fimD and fimZ in the same gene cluster. Gene fimC resembles the traX gene on plasmid F (41, 58), fimD is a homologue of fimB, and fimZ is closely related to fimA. It is assumed that fim Z encodes a redundant fimbrial subunit (52) .
Virulent strains of D. nodosus with a mutation in the fimA gene lost their ability to produce type IV fimbriae and did not colonize the interdigital skin of the hoof (58) . Furthermore, sheep infected with D. nososus of which the fimA gene has been mutated did not elicit an immune response. The expression levels of fimbriae type IV and the ability of D. nodosus to adhere to the hoof have been studied by Parker et al. (79) .
Virulent strains, causing severe footrot, lost virulence with mutations in the fimA gene, but remained virulent when the fimB gene is mutated (58) . Concluding from this, the virulence of a strain is determined by fimA. the fimA transcription level depends on a number of gene products. Apart from the fimbrial subunit protein, several pilin-like proteins, of which PilE has been described, play a role in the assembling of fimbriae (111) . Mutation in the pilE gene leads to a significant decrease in the number of fimbriae, although the protein (Fim A) is produced at almost the same level as in the wild-type strain (49) .
Other gene clusters containing fimN, fimO and fimP are also involved in the biogenesis of fimbriae. The fimP gene encodes prepilin peptidases (FimP) responsible for cleavage and N-methylation of the fimbrial subunit prior to assembly. The gene is homologous to the fimbrial assembly genes described for Pseudomonas aeruginosa (55) and Neisseria meningitidis (16) . The proteins FimN and FimO represent uncleaved prepilin proteins and play a role in FimA polymerization. All proteins (FimA, PilE, FimN, FimO and FimP) are required for extracellular protease secretion. Mutation in any one of the genes encoding these proteins leads to a drastic decrease in protease activity (49) .
Fimbrial biogenesis is regulated by the pilR and rpoN genes, encoding response regulator proteins. Disruption of these genes (especially pilR) leads to a significant decrease in the production of fimbrial subunits. Strains with mutations in their pilR and rpoN genes lost the ability to adhere to surfaces and twitching motility (79) . Strains freshly isolated from infected tissue have an extraordinary high number of pili, but they decrease during further sub-culturing (21) .
The early reports stated that type IV fimbriae are required for virulence. However, recent studies have shown that highly piliated cells are not virulent if they do not have twitching motility. Depiazzi and Richards (21) were the first to associate the twitching motility with virulence. They observed that 40 % of the highly virulent strains of D. nodosus showed twitching motility, compared to 9 % of the less virulent strains.
The twitching motility is due to extension and retraction of the pili. This allows the cells to move and spread on a solid surface (89) . The hexameric ATPhases PilT and PilU play a major role in motility. Studies conducted on P. aeruginosa have shown that mutations in the pilT or pilU genes lead to the loss of twitching motility, but not the formation of the pili structures (17) . Both of these genes are present in the genome of D. nodosus (75) . Strains with mutations in the pilT and pilU genes were avirulent (48) . The pilT-mutant showed a reduction in adherence and secreted less extracellular proteases. However, the adherence and protease secretion abilities of the pilU-mutant were similar to those recorded for the wild-type strain. Concluding from these findings, pilU is required only for twitching motility. Highly piliated cells with the ability to produce extracellular proteases and adhere to cells are only virulent when pilU is expressed (48) .
Extracellular serine-proteases are also associated with virulence. Virulent strains of D. nodosus produce proteases, more thermostable than the proteases of benign strains, especially at 37 ºC (20) . The proteases of virulent strains also have a greater elastase activity, visualized as separate bands in electrophoretic profiles (37) .
Virulent strains produce two acidic serine proteases (AprV2 and AprV5) and one basic serine protease (BprV) that are all closely related. The corresponding proteases AprB2, AprB5 and BprB from benign strains share very similar sequences with their virulent counterparts (64) . From the crystal structure of AprV2 and AprB2, it became clear that these two proteins differ by one amino acid in the disulphidetethered loop (59) . A mutation in the aprV2 gene rendered the strain avirulant. Virulence was restored when the mutant strain was complemented with the wild-type gene (aprV2). However, virulence was also restored when the mutant strain was complemented with the aprB2 gene (59) . Concluding from these studies, AprV5 and BprV proteases also play a role in virulence. This was shown by producing avirulent strains when mutations were intruduced in the genes aprV5 and bprV. However, complementations of these mutant strains with wildtype genes aprV5 and bprV did not restore virulence. It would thus seem as if a combination of factors play a role in the virulent and benign phenotype of D. nodosus (59) .
The presence of an additional layer on the cell surface (91) and glycosylation of the fimbrae, all involved in improving adherence to host cells, have been associated with the virulence of D. nododus (10) . Colony morphology has also been associated with virulence (90), as virulent strains produce larger colonies, with different shapes. This is due to increased motility made possible by polar-placed pili. Highly virulent strains produce B-type (beaded) colonies with distinctive papillate centers. Less virulent (benign) strains produce M-type (mucoid) colonies; and avirulent strains, a C-type (circular) colony. Colony morphology is, however, not a reliable classification characteristic, as some strains have the ability to transform from the B-type to the M-type (11).
Fusobacterium necrophorum the name Fusobacterium, proposed by Knorr (60) , refers to bacilli with fusiform morphology. Species of the genus are Gram-negative, filamentous and obligately anaerobic. Fusobacteria were first grouped in the family Bacteroidaccae, but later reclassified as members of Fusobacteriaceae (65) . Fusobacterium spp. are abundant in wet soil and damp areas contaminated with feces and urine. All species are classified as human and animal pathogens and have been associated with periodontal diseases, lemierre's syndrome, sore throats, peritonsillar abscesses, bovine abscess and skin ulcers (1 (3), strains of F. necrophorum were isolated from only one third of goats that died from footrot. Based on this, the authors concluded that F. necrophorum may be a secondary pathogen. This hypothesis was supported by the studies of Egerton et al. (25) , showing that necrotic lesions are caused by D. nodosus. The contrary was, however, reported by Hickford et al. (50) . The authors isolated F. necrophorum from the claws of sheep and goats, and the hoofs of dairy cows, but isolated D. nodosus from only 5 % of the hoof samples collected from lame cows. the association of F. necrophorum in footrot may thus be animal-specific.
in contrast to D. nodosus, usually one strain of F. necrophorum can be observed in a single case of footrot (113) . Virulent strains produce endotoxin, haemolysin, haemagglutinin, adhesin and leukotoxin, of which the latter is considered to be the main virulent factor (103) . The leukotoxin operon consists of three genes, e.g. lktB, lktA and lktC in this sequence. The structural protein is encoded by lktA, the largest gene in the operon. The comparison of the leukotoxin operon sequences of the different subspecies revealed significant differences in the N-terminals of LktA and LktB (102) . Furthermore, F. necrophorum subsp. necrophorum isolates produced higher levels of leukotoxin than F. necrophorum subsp. funduliforme. transcription of the ltkA gene of F. necrophorum subsp. necrophorum is significantly higher, especially during exponential growth. This explains the higher virulence of the species (102) . The DNA sequences of lktA genes from different virulent strains of F. necrophorum are different and they all seem to be host species-specific (113).
Development of methods for rapid footrot detection
Footrot can be easily confirmed by a few basic diagnostic tests. The oldest test is the gelatin test (78), which is based on the proteolytic activity of D. nodosus. Besides confirmation of the presence of proteolytic strains, the test provides some indication of the severity of the infection if compared to the rate at which gelatin is liquefied. Proteolytic enzymes secreted by virulent strains are more thermostable compared to enzymes secreted by benign strains. Strains with gelatinase activity also posess the integrase (int) gene (12) .
A 
Treatment
Treatment of footrot usually includes a combination of different practices, viz. vaccination, antibiotic treatment, foot-bathing, foot-trimming, replacing the flock on dry conditions and keeping infected animals separate from healthy animals.
To date, one of the most effective ways to combat the disease is by vaccination. However, vaccination is not so effective in field conditions, due to the influence of environmental fauna (44) , or when the infection is caused by strains from more than one serological group (54, 85) . Vaccines developed against F. necrophorum may also be successful, but only if used in combination with other treatments (11, 28) .
The first vaccine developed against footrot contained whole cells of D. nodosus (28) . The vaccine was, however, not very effective, partly due to differences in the antigens of the pathogens (14) . Multivalent whole-cell vaccines have been developed (93) , but are more difficult to produce because of the poor growth of D. nodosus and are thus also more expensive.
cells of D. nodosus in stationary growth contained less pili compared to cells in exponential growth. Dead cells contained no pili (107) . Cells in stationary phase provoked a much lower immune response. In similar studies, less effective vaccination has been reported when non-fimbriated cells were used (90, 97, 106) . This led to the development of a series of vaccines based on pilin (68, 69, 112) . The effectivity of the vaccines depended on the level of purification (92) . The use of these vaccines led to a significant reduction in disease.
In later publications, the number of D. nodosus serogroups were extended to 18 (the nine major serogroups plus serogroups J to R), based on cross-protection reactions (19) . In serogroup H the fimbrial subunit consisted of two smaller polypeptides of 6 000 Da and 10 000 Da (2) .
Multivalent vaccines containing all serogroups are not effective, because of the antigenic competition between closely related antigens of different species and different serogroups of D. nodosus (54, 81, 85, 104) . The high number of fimbrial antigens present in the vaccine led to a decrease in agglutination antibody titres, and thus in lower protection. For example, the decavalent vaccine yielded significant protection for only eight weeks (54). Schwartzkoff et al. (85) reported the same level of protection by using a vaccine containing pili from all nine major D. nodosus serogroups and the pili from a recombinant strain of P. aeruginosa. Bivalent vaccines also caused antigenic competition, as one antigen of the bivalent vaccine is always immunodominant (24) . It is thus important to know the predominant serotype in the affected animal.
To date, conventional monovalent vaccines provided protection for at least 16 weeks (96, 106) . The newly developed monovalent vaccines prooved effective in eradicating virulent footrot amongst sheep and goats (27, 47) . However, in all these cases the strains of D. nodosus were from one serogroup. Usually more than one serogroup is present in one animal or in a flock (14) . Zhou et al. (115) reported the presence of up to seven strains in a single hoof. In these cases the use of specific monovalent or bivalent vaccines, requires the identification of all serogroups presented in affected animals, and applying a detailed vaccination strategy (51) . Pentavalent vaccines, containing serogroups A, B, G, H und I, and quadrivalent vaccines, containing serogroups B, E, G and I, have been developed for sheep (36) .
Vaccines based on other antigens, different from the pilins, were also developed. Stewart et al. (94) Mattick et al. (69) showed that fimbriae proteins of D. nodosus, obtained by gene cloning and expression by P. aeruginosa, could be used with the same success for vaccine preparation as the natural D. nodosus fimbriae. This may lead to higher yields of fimbriae proteins and the developing of a multivalent vaccine active against different serotypes or even species.
The antibiotics tetracycline, lincomycin, penicillin, ampicillin, oxytetracycline and spectinomycine, or different combinations thereof, are generally used to control footrot (46, 57) . Ureidopenicillins and fosfomycin may be used to inhibit the growth of ovine footrot (80) . Long-term treatment with antibiotics may, however, lead to the development of resistant strains (71) .
other options are direct treatment with foot spray, foot wrap or a foot bath. A foot bath containing zinc sulphate and surfactant yielded excellent results in ovine studies. Animals with footrot should always be kept separate when treated (110) .
Another practice for preventing footrot is to remove the affected tissue from the hoof (hoof-trimming) (93) . However, with hoof-trimming infection may be inflicted (14) . Routine trimming may also increase footrot spreading (45) .
Some animals are naturally resistant to footrot infection. This may be due to the presence of specific genes, such as the DQA2-allele reported in footrot-resistant sheep (76) . The authors have also shown that the chance of an animal to contract footrot is significantly lower when a duplicated DQA2-allele is present.
Conclusions
Although it is generally accepted that Dichelobacter nodosus and F. necrophorum are almost always associated with footrot in clawed and hoofed animals, the complex synergism between strains makes it difficult to determine which species is the essential transmitter of the disease. Apart from being fastidious organisms and difficult to isolate, the phenotypic properties of F. necrophorum isolated from different animal species may differ, making it that more difficult to identify the species. Sequencing of the lktA gene in the leukotoxin operon allows differentiation between subspecies of F. necrophorum and clearly distinguishes the species from D. nodosus. Identification of D. nodosus is best done by serological grouping based on variation in pili structures and sequencing of the genes encoding fimbrial subunits. Footrot is best prevented by vaccinating the animals. However, in most cases vaccines have to be used in combination with antibiotics.
